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SUMMARY

An investigationwasmadetodeterminethecombinedeffectsofnose
d bluntingandcoolingonboundary-layertransition.Dataarepresented
“A forbothsharpandbluntedcone-cylinderandparabolic-nosed- cylinderU bodiesatReynoldsnumbersperfootup to 8KL06.

Bluntingthecone-cylindermodeltoa nosediameterof 3/16inch
● (0.107ofmax.bodydiem.) increasedthetransitionReynoldsnumberover
k thatobtainedonthesharpmodel.Thedelayintransitionwithsurface

coolingwasgreaterthanthatat equilibriumandisattributedto the. increasedstabilityoftheboundarylayerwithcooling.Theseresults
atthelowertemperaturelevelsapproachedvaluespredictedpreviously
by theory.Bluntingthenoseoftheparabolic-cylindermodelto a 3/16-
inchdismeter(0.107ofmax.bodydiam.)producedno increaseintransi-
tionReynoldsnumberoverthatmeasuredonthesharp-nosedmodelatall
temperaturelevels.

Onboththecone-cylinderandparabolic-cylindermodels,moderate
coolingresultedinan increaseinthetransitionReynoldsnun-her;ex-
tremecooling,ontheotherhand,decreasedthetransitionReynoldsnum-
b~~m M reversaleffeetindicatesthatthetransition~’ynol~nuiber
maynotbe.increasedindefinitelyby coolingandthata limitingtemper-
atureratiomightexistbelowwhichthelaminarboundarylayerbecomes
lessstable.

INTRODUCTION

Inan investigationofboundary-layertransitionona hollowcylin-
dermodel(ref.1),a significantdelayintransitionwasobtainedby
slightlybluntingtheleadingedge.Thedelaynotedinreference1 was
attributedtothedevelopmentof theboundarylayerwithina lowunit
Reynoldsnumberregionadjacenttothebodysurface(ref.2). Thisre-

m gionintheflowfieldresultsfromthebowshockwaveproducedaheadof
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thebluntedleadingedge.Subsequently,theoriginalinvestigationof
reference1 wasextendedtoaxis~etricbodies(unpublisheddata).In
thiscase,however,bluntingthenoseofb conedidnothaveas largea
favorableeffectaswasexperiencedonthehollowcylinder.

Theworkinreference1 wasconducte~underzeroheat-transfercon:
ditions.Thepresentstudyconsidersthe~effectofbluntingtogether
withheattransferon.thecone-cylinderahdparabolic-cylinderbodies
reportedinreference3.
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specificheatat

SYMBOLSI —.

areusedinthisreport:

constantpressure

localheat-transfercoefficient
Uo

Reynoldsnumber,~ x

minimumcriticalReynoldsnumbex ~

temperature

stagnationtemperature,OR

time

velocity

axialdistance ,.

kinematicviscosity

density

skinthickness 1

Subscripts:

ad adiabatic-wall ,=

b model

t transition

w modelwall

o freestreamaheadof shockwave ‘-
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APPARATUSANDPROCEDURE
.

Testswereconductedata Machnumberof3.12inthe1-by l-foot
supersonictunnelattheNACALewislaboratory.Theexperimentalsetup,
includingmodelconstruction,tunnelmounting,instrumentation,andtest
procedure,wasthesameas thatdescribedinreference3. Theconfigura-
tionsusedinthatreportwerebluntedtoa nosediameterof3/16inch
(0.107ofmax.bodydiam.) forthetestsdiscussedherein.Shownin
figuresl(a)and(b}arethelocationsof thecalibratedcopper-

mco4
constantanthermocouplesforthesharp-tipmodels;figuresl(c)and(d)

+ presentthesameinformationfortheblunt-tipmodels.A typicalmodel
installationin thewindtunnelcanbe seeninfigure2. Foreachtest
condition,themodelswereprecooledtoa startingtemperatureratio
Tw/~d of 0.26,afterwhichtaperaturehistorieswererecordedas the
configurationswarmedup. DatawerecollectedforReynoldsnumbersper
footashighas 8x106.

$

s Sincetheeffectsofheatconductionandradiationareshowntobe
“d negligibleinreference4,heat-transfercoefficientscouldbe computed

fromthefollowingsimplifiedexpression:
.

. h=

The mannerinwhichthevariousquantitiesinthisequationwereevalu-
atedisalsodescqibedigreference4. Froma plot& heat-transfer
coefficientagainstReynoldsn&ber,transitionwaschosenas thatpoint
wherethecoefficientbeganto increaseabovethelaminarvalue.In
addition,transitionin someinstanceswaschosendirectlyfromtheos-
cillographtraces.Here,theincreasein therateof changeofdeflec-
tionisassociatedwiththesuddenincreaseof theheat-transfercoeffi-
cient.Bothmethodsagreedveryclosely.Itisfeltthattheselection
of thetransitionlocation,as definedherein,wasconsistenttowithin
2/3inchon themodels.

RXSULTSANDDISCUSSION

Cone-CylinderModel

Theexperimentaldataforthecone-cylinderareshowninfigure3,
wherewalltoadiabatic-walltemperatureratioisplottedagainsttran-
sitionReynoldsnuniber.Thevalueofwalltemperaturein thepreceding

“m ratiorepresentsthemodeltemperatureatthepointof transition.In-
cludedinthefigurearetheresultsforbothsharp-tipandblunt-tip
configurations.It canbe seenthatcoolingproduceda largeincrease

.
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inthetransitionReynoldsnuriberinbotl$cases.Inaddition,itisap-
parentthatbluntingthetipcauseda fu~therdelayintheonsetof
transition.Ontheaverage,withzeroheattransfer(Tw/Tad= 1)blunt-
ingthenose increasedthetransitionRe$noIdsnumberfromapproximately
1.8x106toa valueof2.7X106oran increas~ofabout50percent.With
largeamountsof coolingtheincreasein~the-transitionReynoldsnumber,
withbluntness,appearstohavebeengreater.The50-percentincrease
at equilibriumiscomparablewithrecentlre@ltsattheNACALewislab:
oratory(unpublisheddata)inwhichtestcofhemisphericaltipsona 10°
coneproducedatmosta 30-percentincre~se”-inthelengthoflaminarrun
onthebody. : =..

Ifitisassumed,forthemoment,t~t thetransitionReynoldsnum-
berisunaffectedby Machnumber,thenapre~ictedtransitiondelaywith
bluntnesscouldbe obtainedby thetheoryof””reference2. Accordingto
thisreference,nosebluntingl~wersthe;localkch numbernearthecone
surfacefrom3.02.to2.3;concurrentlytheunitReynoldsnumberisde-
creasedby a factorof 2.17.Theadiaba~ic-wallteinperaturechangesby
onlyZ+percent,whichmaybe neglected.:U@er adiabatic-wallcondi-
tions,therefore,thetheoreticallypred$ctedtransitiondelayshowsup
asan increasein Ret by a factorof 2~17.At thelow-temperatureend
ofthecurve,thepredictedtransitiond~layfactorisalso2.17.This
theoreticalvariationcanbe seeninfigjre~(a),wherethesolidcurve
isa fairimgthroughthesharp-tipdata#ndthedottedlineisthepre-
dictedcurveforthebluntconfiwration}@ canbe seenfromthefig-
ure,theincreaseintransitionassociated@th thechangeinunitReyn-
oldsnu?riberwasmorenearlyobtainedat}ow$emperaturesthannearadia-
batictemperature.

However,wind-tunneltestson insul~tedbodies(e.g.,ref.5)have
consistentlyshownan increaseintransi~ioriReynoldsnumberwithde-
creasingMachnunibersbelow3.5. Fromt~e.-~taofreference5,an addi-
tionaltransitiondelayl)ya factorofabout1.4might-beexpectedbe-”
causeofthedecreaseinMachnuniberfr~ 3~02to 2.3causedby nose
blunting.Finally,stabilitytheoryind~cafesthatthetemperaturera-
tioforwhichtheboundarylayerbecomes;stabletoverylargeReynolds
nunibersincreasesbecauseofthischange:in surfaceMachnuniber.The
netresultoftheseMachnumbereffects~til-dbe tofurtherincreasethe
differencebetweenthepredictedtransitiondelaysduetobluntingand
thoseobtainedexperimentally.

.
.-

A plausible,thoughasyetunchecke&explanationfortheincreased
effectivenessofbluntnessatthelowtehpe%atureratios“mybe arrived
atwiththeaidof stabilitytheory.Tobe~inwith,itik assfiedthat
thetransitionReynoldsnumberisrelal@lt~themimimumcriticalReyn-
oldsnumber(thatReynoldsnumberwhereflis.turbancesinthelaminar““””

Bluntingcausestheflowneartheboundarylayerarefirstamplified)., _
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noseofthebodyto overe~andandsubsequentlytorecompress.Thead-
versepressuregradientintheregionofrecompressionhasa tendency
todestabilizetheboundarylayer,provideditoccursdownstreamofthe
minimumcriticalReynoldsnumber.Underconditionsof zeroheattrans-
f’er~Rem,min is oftheorderof3000(ref.6),whilethestsrtof the
adversepressuregradienthasassociatedwithita Reynoldsnumberrang-
ingfrom300,000to 600,000.Consequently,forzeroheattransfer,the
adversepressuregradientdestabilizestheboundarylayerandtendsto
promotetransition.Thisfactorpartiallycounterbalancesthefavorable
effectofblunting.Cooling,ontheotherhand,greatlyincreases
Recr,min~eveninthepresenceofan adversepressuregradient(ref.7].
If Re > 600,000,thenthedetrimentaleffectof theadversegra-cr,min
clientmaybe avoided;andmoreoftheeffectofblunting,aspredicted
inreference2, canonceagainbe realized.Theresultsobtainedon
thecone-cylindermodeltendto confirmthishypothesis.l

. Parabolic-CylinderModel
&

Theresultsofthesecondconfigurationtested,a parabolic-nose
. cylinder,arepresentedinfigure3(b). As withthecone-cylindermodel,
. thereisa distincteffectof coolingonthelocationoftransition,

bothwithandwithoutblunting.Thesedatadifferfromthecone-cylinder
results,however,inthatbluntingtheparabolicmodelfailedtoproduce
an increaseinthetransitionReynoldsnwiberatanytemperaturelevel.
Itmaybe hypothesizedthatat adiabatic-waILconditionstheadverse
pressure~adientassociatedwiththebluntparabola,whichismorese-
verethanthatforthebluntcone-cyl.inder2}exactlynullifiedthefavor-
ableeffectofblunting.However,withcooling,bluntingshouldhave
beenmoreeffective,aswiththecone-cylinder;butno increaseinthe
transitionReynoldsnumberwasnoted.Thisfact,of course,castsaddi-
tionaldoubtontheexplanationfortheincreasedeffectivenessofblunt-
nesswithcoolingproposedforthecone-cylindermodel.

Showninfigure4 isa comparisonofthebluntcone-cylinderand
sharpparabolic-cylinderdata. Examinationof thesedataindicatesthat

lRecently,a varietyofblunt-tipshapeshavebeentestedon a cone
atadiabatic-waUconditions.Althoughdifferentmagnitudesof adverse
pressuregradientprobablyexistedinthevicinityofthesetips,no ef-
fectoftipshapeontransitiondelaywasnoted.Consequently,thehypo-
thesisthatthetipadversepressuregradientisaffectingtransition
locationmaybe questionable.

%

2Pressuredistributionstudiesmadeby theauthorson similarmodels
indicatethatthebluntedparabolicmodelhasa muchlargeradversepres-
suregradientdownstreamofthetipthantheconicalmodel.
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theexperimentaltransitionReynoldsnunibersobtainedfromtheblunt
cone-cylinderalmostcoincidewiththe#esUltsobtainedfromthesharp
parabolicmodel.Sincebluntingthepa~ab~licmodelyieldsnofurther
delayintransition,themoreeasilyfabricatedconicalshapecouldbe “’
usedwithoutanygreatchangeinthelo~ationof transition.However,
itshouldbe pointedoutthatbluntbod~es’havingfavorablepressure
gradientsovertheirentirelengthmightyireldtransitionReynoldsnum-
berslargerthanthoseobtainedinthepesenttests.

TransitionRe~ersal

ShowninfigureS(a)isthevariat+onoftransitionReynoldsnumber
on thesharpandbluntcone-cylindersat verylowtemperatureratios.If
thedatarepresentedby eachsymbolare~consideredseparately,thenthe
datapointsat thelowesttransitionRejmoldsnumbersindicatetheloca-
tionof transitionimmediatelyafterth$startof thetest.As themodel
warmsup,thetransitionpointmovesdo@s@esm veryswiftlyandoffthe
body. Theincreaseintemperaturenece$sa~ytoproducethisrapidmove-
mentofthetransitionpointissometim@ratherinsignificant.As the
bodycontinuestoheatup,turbulentflowappearsat thebackendand
movesforwardwithadditionalincreases~ti”,@mperat~elevel.Thisfor-
wardmovementisindicatedby thesolidicurvesdiscussedpreviously.At
thetimethesharp-tipconeresultswereffistreportedinreference4,
thisreversalhadnotbeendetectedsin$eitoccursveryearlyinthe
temperaturehistory.A reexaminationofthesedatarevealedthepres-
enceofreversal.Inthelow-temperature@nge of thedatapoints,some
fluctuationisapparentinthevariatio~o! surfacetemperaturetithin-
creasingtime.Thisfluctuationisdue:to”experimentalscatter.

.-

.-

Similarresultswereobservedonthesharpandbluntedparabolic-
cylindermodel.Reversaldataforthes”

i
cggfigurationsmaybe seenon

figure5(b). Inaddition,unpublished,ataattheNACALewislaboratory
revealreversalinthelocationoftransitionaccompanyingextremecool-
ingonbothaharpandbluntbodieshavi$gsurfacefinishesrangingfrom

..

4 to1250microinches.WithlargeroL@ne@, thereversaloccurswithin
thelen@h ofthebody;whileforsmoothbgdi.ea,astestedherein,the
reversalis surmisedto occurdownstreamofthebase. Thepossibility
thatfrostformationon themodelsmay@v&-causedtheindicatedrever-
saloftransitionwasconsidered.Howe$er,thispossibilitywasre-
jectedsincereversalwasobtainedwith~an~withouta frostformation.““=

Thereversalphenomenonjustdiscu~se.dindicatesthatthetransi-
tionReynoldsnunibermaynotbe increased~Zdefinitelyby cooling,as
impliedby stabilitytheory.Onthecoptrary,reducingthesurfacetem-
peraturebelowthelevelassociatedwit~thereversalpointhasa desta-
bilizinginfluenceontheboundarylaye!r. .—
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CONCLUDINGREMARKS
.

Wind-tunneltestswereconductedon a cone-cylinderanda parabolic-
nosedcylindertodeterminethecombinedeffectsofnosebluntingand
coolingonboundary-layertransition.Roundingoffthecone-cylinder
nosetoa diameterof3/16inch(0.107ofmax.bodydiam.}resultedin
an imreasein transitionReynoldsnumber.At verylowtemperaturera-

m tiestheincreaseoverthesharp-tipdatawasgreaterthanthatat theco$ adiabatic-wallcondition,andapproachedthevaluepredictedinrefer-
ence2. Additionaltransitiondelaysdueto thereductionofMachnum-
berbybluntingwerenotre&lizedinthisinvestigation.Thegreater
gainintransitionReynoldsnumberatthelowertemperatureratiosis
attributedtothepossibilitythattheboundary-layerinstabilitypoint
maybe downstreamof theadversepressuregradientat thebluntnose.

Bluntingthenoseoftheparabolicmodelfailedtoproduceanyin-
creaseintransitionReynoldsnumberoverthatobtainedon thesharp
model.

.
At lowtemperatureratios,a reversalwasfoundin thetrendof

downstreamtransitionmovementwithdecreasingsurfacetemperature.It.
appearsthatthetransitionReynoldsnunibercannotbe increasedindefi-

. nitelyby coolingandthatan optimumtemperatureratiomightexistbe-
lowwhichthelaminarboundarylayerbecomeslessstable.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

ClevelandjOhio,December18,1956
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